Abstract. We present results of global tropospheric chemistry simulations with the coupled chemistry/atmospheric general circulation model ECHAM. Ultimately, the model will be used to study climate changes induced by anthropogenic influences on the chemistry of the atmosphere; meteorological parameters that are important for the chemistry, such as temperature, humidity, air motions, cloud and rain characteristics, and mixing processes are calculated on-line. . However, the model tends to underestimate 0 3 concentrations at the poles and in relatively polluted regions. These underestimates are caused by the poor representation of tropopause foldings in midlatitudes, which form a significant source of tropospheric 03 from the stratosphere, too weak transport to the poles, and the neglect of higher hydrocarbon chemistry. Also, mixing of polluted continental boundary layer air into the free troposphere may be underestimated. We discuss how these model deficiencies will be improved in the future. In this work we present results of a simulation of global tropospheric chemistry using a coupled chemistry GCM. The GCM used in this study is European Center Hamburg Model (ECHAM), a climate model developed at the Max-Planck-20,983
Introduction
During recent decades it has been recognized that anthropogenic activities have had an increasing influence on the chemical composition of the atmosphere especially since the Industrial Revolution. A key component in the chemistry of the atmosphere and climate is ozone (0_3), of which the global budget is significantly influenced by anthropogenic emissions [World Meteorological Organization (WMO), 1992]. The dramatic decrease of the stratospheric O3 concentrations between approximately 100 and 30 hPa at the South Pole during the austral spring and global stratospheric 03 depletion have now been unequivocally related to anthropogenic emissions of chlorofluorocarbons (CFCs) [WMO, 1992] . On the other hand, anthropogenic emissions of NOx by fossil fuel burning in industrial areas and by biomass burning in Africa and South America lead to enhanced photochemical production of ozone in the troposphere [WMO, 1992] .
From a climatological viewpoint, the importance of ozone for the atmosphere is twofold. Firstly, ozone acts as a greenhouse gas. It absorbs terrestrial infrared radiation and hence its increase can cause a warming of the atmosphere CO2. Secondly, 03 is the most important source of OH radicals [Levy, 1971] . OH reacts with most atmospheric pollutants, and hence determines to a large extent the removal and lifetime of pollutants that are not efficiently removed by other processes; important examples are carbon monoxide (CO) and the greenhouse gas methane (CH4).
The radiative activity of 0 3 and production of OH from 0 3 depends strongly on the distribution and ambient concentrations of 0,3 in the troposphere Lacis et al., 1990; Thompson, 1992] . In order to accurately assess the role of tropospheric 0 3 in the chemistry of the atmosphere and climate, a thorough understanding of all processes influencing its distribution and their interactions is necessary. Global threedimensional atmospheric chemistry models are important tools in studies of the budget and distribution of 0_3 in the troposphere. In the recent past these studies have been conducted mainly with global tracer transport/chemistry models which include, sometimes comprehensive, chemical schemes and prescribe the meteorology. Meteorological data may be derived from observations (e.g., Crutzen and Zimmermann [1991] , using monthly averaged meteorology), or from European Center of Medium-Range Weather Forecasts (ECMWF) analyses [e.g., Heimann et al., 1990], or are previously calculated by a general circulation model (GCM) (e.g., models described by Levy et al. [1985] , Penner et al. [1991] , and Kasibhatla et al. [1993] , with a time resolution of about 6 hours].
In this work we present results of a simulation of global tropospheric chemistry using a coupled chemistry GCM. The GCM used in this study is European Center Hamburg Model (ECHAM), a climate model developed at the Max-Planck-The tropospheric chemistry simulations are carried out with the ECHAM spectral general circulation model, which is based on the ECMWF numerical weather prediction model [Roecknet et al., 1992] . Vorticity, divergence, temperature, surface pressure, humidity, and cloud water are prognostic variables. Radiation, large-scale, and convective cloud formation and precipitation are calculated by the model, as well as explicit boundary layer mixing processes. Land surface processes are described by a five-layer heat conductivity soil model and by a hydrological model to determine evaporation and runoff. Sea surface temperatures are prescribed. In the T21 mode, which is used in this study, the horizontal resolution is approximately 5.6 ø x 5.6 ø and the time resolution is 2400 s. The model uses 19 vertical layers in a hybrid o--p-coordinate system, from the surface to 10 hPa. Average pressure levels relevant for the troposphere are 990, 970, 950, 900, 840, 760, 670, 580, 490, 400, 320, 250, 190, 140, and 100 hPa, referring to approximate midlayer altitudes of 0.03, 0.14, 0.38, 0.78, 1.4, 2.1, 3.1, 4.2, 5.6, 7.0, 8.6, 10.2, 11.9, 13.8, and 15.9 km above the surface.
In [1995] found an underestimation of coastal stratus, which is possibly caused by an inadequate parameterization of the boundary layer. The lack of cloudiness is most significant in the southeastern Pacific, but occurs also in the North Atlantic, North Pacific, and the ocean surrounding Antarctica and will affect the photochemistry in this areas to some extent. Roeckner et al. [1992] mention that the tropical upper troposphere is too warm by a few degrees. This will enhance the simulated humidity and therefore the concentration of OH in this area. Also, precipitation is too strong during the summer over South Africa and Australia and off the west coast of Central America.
The rainfall over India is underestimated during the summer monsoon season. Precipitation affects, through wet deposition of HNO3, the concentration and distribution of NOx and, in turn, the formation of O3 in remote regions. Finally, transport of chemical species may be affected by small errors in circulations, storm tracks, and the location and spatial extent of high and low pressure areas.
Chemistry
The tropospheric chemistry code describes the background CH4-CO-NOx-HO x photochemistry. The gas phase chemical reactions making up this scheme have been published elsewhere [e.g., Crutzen and Gidel, 1983] . For the reaction of O(•D) with H20 , resulting in the production of OH-radicals, the water vapor mixing ratios calculated by ECHAM are used. The formation of HNO3 through reaction of N205 on aerosols is included, using pseudo first-order reaction rates calculated by Dentenet and Crutzen [1993] on the basis of sulfate and seasalt mixing ratios, aerosol size distributions, and relative humidity data. A description of the nighttime removal of N205 on cloud droplets and ice is included as well. All other reaction coefficients are taken from DeMote et al. [1992] .
The method for calculation of photolysis rates was developed by Bn;ihl and Crutzen [1988] , and takes into account multiple scattering by air molecules, aerosol particles and clouds, using the delta-two-stream method of Zdunkowski et al. [1982] . From the parameters that are needed for the evaluation of the photolysis rates, the meteorological parameters (temperature, pressure, water vapor concentrations, cloud optical thickness, and cloud height) are calculated by the climate model, and the O3 columns follow from the chemistry calcu-lations (stratospheric 03 columns are prescribed, see section 2.5). It should be noted that at this stage of the model development prescribed instead of calculated 0 3 concentrations are used for the GCM radiation calculations. This effect will be most significant in the continental boundary layers, and only small in the free troposphere and in remote areas. The resulting change in HO 2 production by the reaction of OH with CO will affect the chemical production and destruction of 03, but on a global scale, the effect is only small.
The model considers wet deposition of H202 and HNO 3. The calculation of in-cloud scavenging, below-cloud scavenging and release into the atmosphere after evaporation of precipitation uses the cloud (micro-)physical parameters calculated by ECHAM. Treatment of dry and wet deposition processes in the model is described in detail in the appendix.
Apart from HNO3 and H202, other species such as CH20 , CH302H , and HNO4 are subject to wet deposition. However, the influence of these processes on the budget and distribution of 03 is considered to be only marginal regarding the occurrence and specific lifetimes of these species.
Stratospheric 0 3 and NOx
The exchange of air between the stratosphere and the troposphere in the model is determined by the simulated dynamics. The simulated tropospheric 0 3 source resulting from crosstropopauze transport is directly associated with the simulated exchange of air. Stratospheric 03 concentrations have to be realistic since the stratospheric source contributes significantly to the tropospheric 03 budget. However, the tropospheric chemistry scheme does not fully account for 0 3 production/ destruction in the stratosphere. Stratospheric ozone concentrations are therefore taken from a two-dimensional troposphere-stratosphere chemical model [Briihl and Crutzen, 1988] . A disadvantage of this method is the implicit assumption that ozone concentrations in the stratosphere do not vary with longitude. Therefore, in the lower stratosphere, that is, 1-2 model layers above the tropopause, 0 3 is not fixed but depends on transport, while for concentration changes due to chemical reactions, the tropospheric chemistry scheme is used. The tropopause is defined as the uppermost layer of the troposphere The profiles show that we generally underpredict O_• mixing ratios throughout the troposphere. For the two northernmost sites, Edmonton and Resolute (Canada), the strongest underestimation of modeled O_• around the tropopause (located between 200 and 300 hPa) occurs during spring, suggesting a too low stratospheric 03 injection into the troposphere at these latitudes. Stratospheric 03 injection at the midlatitudes is associated with cut-off lows and tropopause foldings. These are not simulated properly due to the relatively coarse grid resolution applied in this study, as will be discussed in more detail Izana ( 28N 16W ) , , , 
Nitrate Deposition
In The agreement between modeled and measured concentrations is quite good. The largest underestimations (of the order of 10-15%) are found for the northern hemisphere Pacific sites Guam, Cape Kumakahi, and Mauna Loa. This may partly be related to the occurrence of a relatively strong north-south gradient in CO concentrations in these regions, due to an increasingly efficient destruction by OH toward the equator, whose resolution is not captured correctly by the model. However, distances from the most important source areas are large. As was noted in section 3.2 concerning HNO3, an insufficient transport from the source areas is also a probable cause for the underestimated CO concentrations in remote locations. Table 4 shows the tropospheric source and sink terms, and the tropospheric content of 03, subdivided in four semihemispheres and four seasons (December, January, February (DJF); March, April, May (MAM); June, July, August (JJA); and September, October, November (SON)). Global and yearly average values are also given.
Model Results

Budget and Distribution of 03
The transport terms in Table 4 The global net production of 03 from the reactions listed in Table 5 is 191 deposition terms will directly influence the net photochemical production since the total O3 budget approximately balances over a year. We stress that the global net photochemical production is the relatively small residue of large production and destruction terms (Table 5) , and may therefore not be a proper diagnostic for model calculated O3 chemistry. Table 6 gives an overview of the calculated global CO budget. Almost 75% of all CO is emitted in the tropics, to a large extent associated with biomass burning. However, as a result of significant CO transports from the 30 ø and 60øN region to the tropics and of the oxidation of CH 4 by OH which is most efficient in the tropics, an even larger amount is photochemically destroyed between 0 ø and 30øN than is emitted there. CO Table 3 ) and suggest that the total CO emission of 1900
Tg CO yr-• is a reasonably accurate estimate in this simulation, we note that a lower tropical OH concentration, together with a treatment in the model of CO dry deposition and explicit higher hydrocarbon emissions and chemistry will alter the modeled CO distribution to some extent. However, the strength and surface dependence of CO dry deposition and the size and distribution of CO and nonmethane hydrocarbons (NMHC) emissions are still highly uncertain, which renders estimation of the size and sign of possible changes difficult.
Conclusion
We There appear to be three main reasons for this. First, practically all simulated down mixing of stratospheric ozone occurs at the tropopause breaks at approximately 30 ø latitude, where it is efficiently destroyed by photochemical reactions. The model grid resolution is too coarse to resolve tropopause foldings at midlatitudes, by which a significant amount of 03 is expected to enter the troposphere, associated with synoptical disturbances. 03 injected here has a much longer lifetime than in (sub)tropical regions, especially in winter and spring when the stratospheric source is large, and can therefore be transported over a larger region, including the polar regions. We plan to use the model with a higher resolution (T42 with a horizontal grid size of 2.8 ø by 2.8 ø ) which simulates middle and high latitude stratosphere-troposphere exchange more realistically. Second, we may underestimate net chemical production of 03. This may be partly due to insufficient mixing of chemical species from the polluted boundary layer into the free troposphere, especially important for short-lived NOx. Also, transport from source areas to remote locations (e.g., the Pacific sites and the poles) seems to be underestimated, possibly connected with flaws in the climate model dynamics. Further, the fact that cloud properties in ECHAM are adequately simulated for the purpose of radiation and precipitation calculations, does not mean that they are comparably suitable for the calculation of the in-cloud and below-cloud scavenging of soluble species, processes that also influence the transport and distribution of NOx and HNO 3. Further tests are needed in order to evaluate this suitability, using also higher resolutions of the model. Third, the model only considers the basic methane and CO oxidation processes. The influence of higher hydrocarbons may significantly enhance 03 production locally over polluted regions, while transport of PAN may lead to stronger 03 formation in remote locations.
Some important model improvements remain to be implemented, to make full use of the possibility to obtain internal consistency within the model by the coupling of chemical and physical processes. These include the new dry deposition scheme presented in an accompanying paper by Ganzeveld and Lelieveld [1995] , simulation of cloud microphysical and chemical processes, and natural NO and hydrocarbon emissions from a (simplified) biosphere that responds to the model climate. Future developments will also involve descriptions of higher hydrocarbon chemistry and the coupling of natural and anthropogenic sulfur chemistry to the model.
Appendix: Deposition Processes
A1. Dry Deposition
The time rate of change due to dry deposition of the mixing ratio Ci of a tracer i in a surface grid with height h is calculated according to (see Levy 
